The Helicobacter pylori ureE gene product was previously shown to be required for urease expression, but its characteristics and role have not been determined. The UreE protein has now been overexpressed in Escherichia coli, purified, and characterized, and three altered versions were expressed to address a nickel-sequestering role of UreE. Purified UreE formed a dimer in solution and was capable of binding one nickel ion per dimer. Introduction of an extra copy of ureE into the chromosome of mutants carrying mutations in the Ni maturation proteins HypA and HypB resulted in partial restoration of urease activity (up to 24% of the wild-type levels). Fusion proteins of UreE with increased ability to bind nickel were constructed by adding histidine-rich sequences (His-6 or His-10 to the C terminus and His-10 as a sandwich fusion) to the UreE protein. Each fusion protein was overexpressed in E. coli and purified, and its nickel-binding capacity and affinity were determined. Each construct was also expressed in wild-type H. pylori and in hypA and hypB mutant strains for determining in vivo urease activities. The urease activity was increased by introduction of all the engineered versions, with the greatest Ni-sequestering version (the His-6 version) also conferring the greatest urease activity on both the hypA and hypB mutants. The differences in urease activities were not due to differences in the amounts of urease peptides. Addition of His-6 to another expressed protein (triose phosphate isomerase) did not result in stimulation of urease, so urease activation is not related to the level of nonspecific protein-bound nickel. The results indicate a correlation between H. pylori urease activity and the nickelsequestering ability of the UreE accessory protein.
Helicobacter pylori, a spiral, gram-negative, microaerophilic bacterium, has been shown to be the etiologic agent of chronic gastritis and peptic ulcers (3, 19) which can subsequently develop into gastric cancer (9) . Since approximately half of the world's population is colonized by H. pylori, it is a major public health problem (9) . One of the factors essential for gastric colonization is the urease enzyme (EC 3.5.1.5), the most abundant protein in H. pylori (up to 10% of the total protein content of the cell [2] ), which raises the pH in the microenvironment surrounding the cell by producing ammonia (10, 34, 38) .
Active urease is a multimeric enzyme that consists of six UreA and six UreB subunits coordinating twelve Ni 2ϩ ions as a cofactor (8, 12, 13) . It is known that nickel ions are transported into the cell by a high-affinity nickel transporter protein, NixA (21) , and a battery of accessory proteins are thought to be required for synthesis of a catalytically active urease. Indeed, the ureI, ureE, ureF, ureG, and ureH genes need to be coexpressed with the structural genes ureA and ureB in Escherichia coli to get fully active urease (7) , and it has recently been shown that H. pylori ureE, ureF, ureG, and ureH mutants are severely deficient in urease activity (35) , but the specific roles of the corresponding proteins are still poorly understood. One exception is UreI, which has been shown to form a ureaspecific pore (37) .
In addition, two of the accessory genes (hypA and hypB) required for the activity of the membrane-bound Ni-containing hydrogen uptake hydrogenase enzyme have also been shown to be required for urease activity in H. pylori (26) . Indeed, hypA and hypB mutants of H. pylori are severely affected in urease activity (26) . Since the expression levels of the urease apoenzyme were not affected in these mutants but there was a fourand fivefold decrease in the nickel content of the urease in the hypA and hypB mutants, respectively, compared to the wild type, it was concluded that HypA and HypB were playing roles as Ni-specific metallochaperone proteins, involved in nickel sequestration and mobilization events leading to incorporation of the metal into the urease metallocenter. Some biochemical characteristics of H. pylori HypA and HypB have recently been reported (20) .
In Klebsiella aerogenes, extensive biochemical studies revealed that three accessory proteins, UreD (homologous to H. pylori UreH), UreF, and UreG are required in vivo for the assembly of the nickel metallocenter within the urease (22, 23, 27, 28) . A fourth accessory protein, UreE, was shown to be a metallochaperone that delivers nickel to urease (6, 16) . It contains a histidine-rich carboxyl terminus (10 of the last 15 residues are histidine) and is able to bind five to six Ni 2ϩ ions per dimer (6, 16) . Since a truncated form of UreE lacking the histidine-rich region was still able to bind two Ni 2ϩ ions per dimer and was as competent as wild-type UreE for activating urease, a His-rich region of K. aerogenes UreE was proposed to be mainly involved in nickel sequestering (4) unrelated to direct enzyme activation. Internal nickel-binding residues of UreE were shown to participate in urease activation (6) , and recent structural analysis of the truncated UreE variant revealed that three internal histidine residues are likely to coordinate not two but three Ni 2ϩ ions per dimer (30) . Whereas other UreE proteins (such as UreE from Proteus mirabilis [31] ) have also been shown to have His-rich regions, the H. pylori UreE does not possess such a motif and is therefore thought to possess decreased nickel-binding properties compared to these proteins (Fig. 1) . In this study, the nickelbinding ability of H. pylori UreE was determined, and it was increased by creating UreE proteins with additional histidine residues. This was done by adding a His tag motif or the C-terminal tail of K. aerogenes UreE (Fig. 1) to H. pylori UreE. The effect of the nickel-sequestering ability of UreE and its variants on urease activity was analyzed in vivo in H. pylori hypA and hypB mutants (mutants deficient in nickel sequestration) by introducing ureE or one of the newly generated variants into the chromosome. Interestingly, the presence of additional UreE alone was enough to partially restore urease activity in both mutants, and synthesis of His-rich UreE chimeric proteins resulted in higher urease activities. Analysis of the nickelbinding properties of the proteins overexpressed in Escherichia coli and purified revealed that H. pylori UreE was able to bind one Ni 2ϩ ion per dimer and that the His-rich UreE proteins were able to sequester more nickel than the parent UreE. The results suggest a correlation between the nickel-sequestering ability of UreE and urease activity levels in H. pylori.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The H. pylori and E. coli strains used in this study are listed in Table 1 . H. pylori strain ATCC 43504 was the parent strain. H. pylori was grown on Brucella agar (Difco) plates supplemented with 10% defibrinated sheep blood (BA plates) at 37°C under microaerophilic conditions (5% CO 2 , 4% O 2 , and 91% N 2 ). DNA manipulations were performed in E. coli Top10 (Invitrogen, Carlsbad, Calif.). E. coli was grown aerobically in Luria-Bertani (LB) medium or plates at 37°C. Kanamycin (20 g/ml), ampicillin (100 g/ml), chloramphenicol (20 g/ml), and isopropyl-␤-D-thiogalactopyranoside (IPTG) (0.2 mM) were added as needed.
DNA techniques. All DNA manipulations were performed as described by Maniatis et al. (18) . Chromosomal DNA was extracted from H. pylori with the Aquapure genomic DNA extraction kit (Bio-Rad, Hercules, Calif.). Plasmid DNA preparations were carried out with the QiaPrep Spin mini kit (Qiagen, Valencia, Calif.). DNA fragments or PCR products were purified from agarose gels with the Qiaquick gel extraction kit (Qiagen). PCR was performed in a Perkin-Elmer 2400 thermal cycler with Taq polymerase (Fischer, Fair Lawn, N.J.). All oligonucleotide primers were synthesized by Integrated DNA Technologies, Coralville, Iowa, and are listed in Table 2 . All recombinant plasmids described in this study were sequenced at the Molecular Genetics Instrumentation Facility, University of Georgia, Athens, to ensure that no error had been introduced by PCR.
Constructions of plasmids used for inserting an additional copy of ureE or its variants into the H. pylori chromosome. A three-step strategy was undertaken to recombine H. pylori ureE and its variants or K. aerogenes ureE into the H. pylori chromosome. First, a 213-bp sequence immediately upstream of the start codon of ureA, including the transcriptional and translational signals required for UreA expression, was amplified by PCR with primers HpPureA F and HpPureA R and H. pylori genomic DNA as a template. The PCR product was digested with NdeI and BglII and ligated into the expression vector pET21b (Novagen, Madison, Wis.) previously cut with the same enzymes and gel purified to get rid of the T7 promoter, generating plasmid pPA. This plasmid was used to clone the coding sequence of ureE and its variants, placing each of them under the control of ureAp when the start codon was inserted at the NdeI restriction site.
To amplify the ureE gene from H. pylori, we used either primers HpUreE F and HpUreE R1 (designed to amplify ureE with its own stop codon) or HpUreE F and HpUreE R2 (designed to amplify ureE without its stop codon, in order to generate an hexahistidine-tagged UreE) and H. pylori genomic DNA as a template. Each 0.5-kb PCR product was digested with NdeI and SalI and ligated into similarly cut plasmid pPA to generate pPA-HP and pPA-HP6, respectively. Primers KaUreE F1 and KaUreE R were used to amplify K. aerogenes ureE from plasmid pETWT⌬G, a gift from Scott Mulrooney (Departments of Microbiology and Biochemistry, Michigan State University, East Lansing). The resulting 0.5-kb PCR product was digested with NdeI and XhoI and ligated into the corresponding restriction sites of pPA, generating pPA-KA.
To generate pPA-HP10, we used pPA-KA as a template and primers KaUreE F2 and P21R to amplify the 3Ј end of K. aerogenes ureE, which encodes the histidine-rich carboxy-terminal tail (His 10 ), as well as a part of the cloning vector. The resulting 1.1-kb product was digested with HindIII and ScaI and ligated with the 5-kb DNA fragment purified from similarly digested pPA-HP6, yielding pPA-HP10. To construct pPA-HP10SF, a two-step overlapping PCR technique was used. First, part of H. pylori ureE was amplified from H. pylori genomic DNA in the presence of primers HpUreE F and OE R1 (whose 5Ј end matches part of the K. aerogenes ureE sequence encoding His 10 ), yielding a 0.5-kb product, and part of K. aerogenes ureE (encoding His 10 ) was amplified from plasmid pETWT⌬G in the presence of primers OE F1 (complementary to OE R1) and OE R2 (whose 5Ј end matches the 3Ј end of H. pylori ureE), yielding a 0.12-kb product; the two overlapping PCR products were combined and mixed with primers HpUreE F and OE R2 for a final round of PCR to amplify a 0.57-kb product, which was cut with NdeI and BamHI and ligated into similarly digested plasmid pPA, yielding pPA-HP10SF.
Finally, plasmids pPA-HP, pPA-KA, pPA-HP10, and pPA-HP10SF were digested with BglII and XhoI, while plasmid pPA-HP6 was cut with BglII and BlpI, each releasing a 0.7-to 0.8-kb DNA fragment (depending upon the constructs) with a distinct ureE variant under the control of ureAp. Each DNA fragment from pPA-HP, pPA-HP6, or pPA-KA was blunt ended with T4 polymerase and ligated into pEU39Cm previously digested with EcoRV to generate pEU-HP, pEU-HP6, and pEU-KA, respectively. Similarly, plasmids pPA-HP10 and pPA-HP10SF were sequentially cut with BglII, blunt ended, gel purified, and digested with XhoI, and each 0.7-kb DNA fragment released was ligated into pEU39Cm previously digested with both SmaI and EcoRV to yield pEU-HP10 and pEU-HP10SF, respectively. Plasmid pEU39Cm has been shown to be an efficient tool with which to insert DNA by homologous recombination (25, 26) in the region of the chromosome corresponding to strain ATCC 26695 hp0405 (32 [7] ) is compared to the homologous UreE regions from H. pylori 26695 (Hp 26695 [32] ), Bacillus pasteurii (Bp [5] ), Proteus mirabilis (Pm [14] ), and Klebsiella aerogenes (Ka [24] ). Also shown are the sequences of the UreE variants engineered in this study. Histidine residues shown to be involved in nickel binding in K. aerogenes are indicated in boldface type (30) . One of these residues also shown to be involved in nickel binding in B. pasteurii (29) and conserved in H. pylori is shaded. The histidine-rich carboxyl-terminal tail of K. aerogenes (used in this study) is underlined. The hexahistidine tag and additional amino acids added by the construction are shown in italics.
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Construction of plasmid pEU-Tpi.
To determine whether the presence of a random protein fused to a hexahistidine tag would have any effect on the urease activity of H. pylori hypA and hypB mutants, the gene hp0194, encoding triose phosphate isomerase (32) , was PCR amplified with its own promoter with primers HpTpi F and HpTpi R. The resulting 900-bp product was sequentially digested with BglII, blunt ended with T4 polymerase, gel purified, and finally digested with XhoI. The purified product was then ligated into pEU-HP6 which had been digested with SmaI and XhoI and gel purified to get rid of the ureApureE insert, generating pEU-Tpi.
Constructions of plasmids for overproduction of UreE, UreE-His 6 , UreEHis 10 , and UreE-His 10 SF proteins. Plasmids pPA-HP and pPA-HP6 were digested with NdeI and SalI, plasmid pPA-HP10 was digested with NdeI and XhoI, and plasmid pPA-HP10SF was digested with NdeI and BamHI, and each DNA fragment containing ureE or a variant (ranging from 0.5 to 0.7 kb depending upon the construct) was inserted into expression vector pET21b to generate pET-HP, pET-HP6, pET-HP10, and pET-HP10SF, respectively. These recombinant pET plasmids were then transformed into E. coli strain Rosetta(DE3) (pLysS) (Novagen, Madison, Wis.).
Overproduction and purification of UreE and UreE variants. Rosetta(DE3) (pLys) cells harboring a pET recombinant plasmid were grown at 37°C to an optical density at 600 nm of 0.5 in 500 ml of LB medium with 100 g of ampicillin and 30 g of chloramphenicol per ml. Expression of each recombinant protein was induced by adding 0.2 mM IPTG in the medium, and cells were grown for an additional 3 h at 37°C and harvested by centrifugation (5,000 ϫ g, 15 min, 4°C). All subsequent steps were performed at 4°C. For purification of UreE-His 6 , UreE-His 10 , and UreE-His 10 SF proteins, the following protocol was used. Cells were washed with 200 ml of 20 mM Na 2 HPO 4 (pH 7.4)-500 mM NaCl-5 mM imidazole (buffer A) and resuspended in 5 ml of the same buffer. Phenylmethylsulfonyl fluoride was added to a final concentration of 0.5 mM. Bacteria were lysed by three passages through a cold French pressure cell at 18,000 lb/in 2 , cell debris was removed by centrifugation at 20,000 ϫ g, and the supernatant was subjected to ultracentrifugation at 100,000 ϫ g for 2 h. The membrane-free supernatant, used as a source for purification of these three proteins, was applied to a nickel-nitrilotriacetic acid (Ni-NTA) affinity column (Qiagen), and buffer A was used to wash the resin until the A 280 reached the baseline. Proteins were washed with buffer B (buffer A with 30 mM imidazole) until the A 280 reached the baseline and finally eluted with buffer C (buffer A with 250 mM imidazole).
Fractions were analyzed by gel electrophoresis (see below), and samples of interest were pooled. Protein concentration was determined with the BCA protein kit and the Coomassie dye binding kit (Pierce, Rockford, Ill.). For the UreE protein, an alternative purification protocol was required because this protein did not bind to the Ni-NTA column. Cells were washed with 50 mM HEPES (pH 7.2) containing 50 mM NaCl (buffer D) and resuspended in 5 ml of the same buffer, and a membrane-free supernatant was isolated as described above. Solid ammonium sulfate was added to the extract to a final concentration of 2 M, and the pellet obtained after centrifugation (14,000 ϫ g, 15 min) was resuspended in 5 ml of buffer D and dialyzed against the same buffer. The sample was applied to a 5-ml SP Sepharose cation exchange column, and the proteins were eluted with a linear gradient from 0 to 1 M NaCl in buffer D. The apparent molecular mass of denatured purified UreE and UreE variants as well as the proteins' purity were determined on sodium dodecyl sulfate-12.5% polyacrylamide gel electrophoresis (SDS-PAGE) with a Mini-Protean II apparatus (Bio-Rad, Hercules, Calif.), according to the method of Laemmli (15) . Proteins were visualized with Coomassie brilliant blue R-250. Molecular size markers were purchased from Bio-Rad Laboratories.
Immunoblotting. Proteins were transferred to nitrocellulose (0.45-m-poresize membrane; Osmonics, Westborough, Mass.) as described by Towbin et al. with a Bio-Rad Trans Blot Cell (33) . After transfer, proteins were visualized with Ponceau red (0.1% Ponceau red dye in 1.0% acetic acid). Immunoblotting was performed by a chemiluminescence method according to the manufacturer's instructions (Amersham Pharmacia Biotech, Piscataway, N.J.). Antisera were used at the following dilutions: anti-UreE rabbit antiserum, 1:750; anti-UreA or anti-UreB rabbit antiserum (a gift from Harry Mobley, Department of Medicine, Maryland School of Medicine, Baltimore), 1:2,000; and goat anti-rabbit immunoglobulin G-peroxidase (ICN-Cappel, Aurora, Ohio), 1:5,000.
Equilibrium dialysis and nickel determination. The ability of the purified UreE, UreE-His 6 , UreE-His 10 , and Ure-His 10 SF recombinant proteins to bind nickel was determined by graphite furnace atomic absorption spectrophotometry (Shimadzu AA-6701F) following equilibrium dialysis. Briefly, 6 to 7 M protein was dialyzed against 1 liter of 50 mM NaCl (pH 8.25) containing increasing concentrations of NiCl 2 for 48 h at 4°C. After dialysis, the protein concentration was determined again in each dialysis bag with the BCA protein assay kit (Pierce), and the nickel concentration of the protein solution (bound plus free Ni 2ϩ ) and the dialysis buffer (free Ni 2ϩ ) was measured. The concentration of bound nickel was estimated by subtracting the two values. Introduction of ureE variants into H. pylori chromosome. Preparation of H. pylori competent cells and transformation by electroporation were done as previously described (26) . Plasmids pEU39Cm, pEU-HP, pEU-HP6, pEU-HP10, pEU-HP10SF, pEU-KA, and pEU-Tpi were used to transform the parental strain 43504 hypA and hypB mutants. Cells were plated onto a nonselective BA plate, incubated for 48 h, harvested, and plated onto BA supplemented with chloramphenicol. Resistant colonies appeared in 72 to 96 h. This procedure yielded strains that had the original ureE and a construct (ureE or one of its variants) at an unrelated site. The presence of each construct in the chromosome was confirmed by PCR amplification with primers Hp 405 F (annealing upstream of the disrupted region) and Cm R (specific for the cat gene) and genomic DNA from each of the isolated colonies as a template.
Urease assays. The urease activity of fresh lysates was determined by measuring ammonia production from urea hydrolysis with the phenol-hypochlorite assay as described by Weatherburn (36) . Briefly, cells were grown for 2 days on BA plates, harvested with a swab, resuspended in 50 mM HEPES-NaOH (pH 7.5), washed once, and resuspended in the same buffer. Lysates of freshly sonicated cells (0.5 to 10.0 g of protein) were incubated for 20 min at room temperature in 1 ml of the same buffer plus 25 mM urea, and the amount of ammonia released was then assayed with the phenol-hypochlorite assay (36) . A standard ammonium chloride concentration curve was used to convert the absorbance at 625 nm to nanomoles of ammonia. Data are presented as urease specific activity, defined as micromoles of ammonia (NH 3 ) produced per minute per milligram of protein. Stated values are the mean Ϯ standard variation for three to four independent cultures, with each assay made in duplicate.
Hydrogenase assays. Hydrogen uptake activity was determined amperometrically for whole cells as described previously (17) .
RESULTS AND DISCUSSION

Introduction of UreE variants into H. pylori.
In order to study the effect of UreE and its genetically modified histidinerich variants on urease activity, we introduced a copy of the ureE gene or one of the variants into the chromosome of wild-type H. pylori and its hypA and hypB mutants. Because ureE is part of the ureIEFGH operon and does not possess its own promoter (1), our first step was to ensure proper expression of this gene as well as all the other constructs (including (Table 1) , we generated a hexahistidine-tagged UreE, UreE-His 6 (Fig. 1) . UreE-His 10 was generated by cloning the sequence encoding the histidinerich carboxyl-terminal tail of K. aerogenes UreE (last 15 residues) in frame with the H. pylori ureE gene. To investigate the effects of an alternative location of this K. aerogenes histidinerich region on UreE properties, this sequence was also inserted within H. pylori UreE, generating a sandwich fusion protein, UreE-His 10 SF (Fig. 1) . Finally, to determine whether a hexahistidine-tagged random protein would have any effect on urease expression, a triose phosphate isomerase (Tpi)-His 6 fusion protein was generated. Each construct was inserted into pEU39 cm, and the resulting plasmid was introduced by electroporation into H. pylori wild-type, hypA, and hypB mutant strains. Use of plasmid pEU39 cm allowed insertion of each construct along with the chloramphenicol resistance gene (cat) into the same (but unrelated to Ni enzyme maturation) region of the chromosome (corresponding to gene hp0405) (32) by homologous recombination. Each gene insertion was confirmed by PCR amplification of the fragment of the expected size with genomic DNA purified from each of the chloramphenicol-resistant strains and primers specific for the hp0405 and cat genes. Insertion of the cat gene only into hp0405 yielded a 670-bp PCR product, whereas insertion of any of the ureE variants (under the control of ureA promoter) in the hp0405 region gave a unique 1,450-to 1,550-bp PCR product, depending upon the construct (data not shown).
The expression levels of the introduced UreE proteins were compared by immunoblotting with antiserum raised against purified UreE. The different constructs, Ure-His 6 , Ure-His 10 , and Ure-His 10 SF, could be separated as larger species from native UreE on SDS-PAGE and were expressed at about the same levels whether present in hypB (Fig. 2) or hypA (data not shown) mutants. Although the level of expression of additional UreE alone is hard to estimate because the strains also possessed the original copy of the ureE gene, it is reasonable to predict that the expression level of additional UreE was the same as that of Ure-His 6 , Ure-His 10 , and Ure-His 10 SF, since all constructs were under the control of the same promoter. Although the modified versions of UreE appeared to be expressed at a lower level than the original, the antibodies used in this study were raised against native UreE, and their specificity for the engineered versions was shown to be lower than for native UreE (data not shown).
Effect of introduced UreE and histidine-rich versions of
UreE on urease activities of wild-type H. pylori and hypA and hypB mutants. Wild-type strain 43504 and hypA and hypB mutants expressing each of the UreE variant proteins were grown on BA plates for 2 days, and cell extracts were assayed for urease activity (Fig. 3) . As expected, disruption of hp0405 by the cat gene did not cause a change in urease activity levels in the wild-type or the mutant strains, and therefore it was considered a control for all the insertion experiments. Insertion of an additional copy of ureE or one of its variants into the chromosome of the wild-type strain had no or a slight effect on the urease activity (up to 10% increase), presumably because the urease activity was already near or at its optimal level under these conditions (with all the accessory proteins synthesized). However, expression of additional UreE showed an eightfold and sixfold increase in urease expression compared to the controls in the hypA and hypB mutant, respectively. This suggested that in these mutants affected for Ni-sequestering activity, the presence of an additional UreE itself was enough to partially restore urease activity (24% and 16% of the wildtype activity for hypA [HPE] and hypB [HPE] , respectively).
Expression of hexahistidine-tagged UreE (HPE6) from the chromosome in the hypA and hypB backgrounds resulted in the highest urease activities measured, 17-fold and 14-fold more than the urease activity of the controls, respectively. This is 49% and 41% of the wild-type activity for the hypA mutant expressing HPE6 (hypA[HPE6]) and hypB[HPE6], respectively. The result for the His6 version was significantly greater than all the other introduced versions (for both hypA and hypB mutants). Still, expression of the UreE-His 10 (HPE10) and UreE-His 10 SF (HPE10SF) chimeric proteins produced a significant increase in urease activity in both mutants compared with expression of additional UreE only (Fig. 3) .
Since the urease activities for both constructs were similar, the location of the K. aerogenes UreE nickel-binding sequence within H. pylori UreE did not seem to have an effect on the ability of this protein to assist in urease assembly. Insertion of the K. aerogenes ureE gene (under the control of the H. pylori ureA promoter) into the H. pylori chromosome resulted in a moderate increase in urease activity in both hypA and hypB mutants compared to the other histidine-rich proteins, suggesting that this heterologous UreE protein could not play an efficient role in H. pylori. Expression of a hexahistidine-tagged triose phosphate isomerase (TPI-His 6 ) chimera in the H. pylori hypA and hypB mutants (as verified by purification on an Ni-NTA column followed by SDS-PAGE analysis; data not shown) did not increase the urease activity (Fig. 3) , indicating that the presence of a nickel-binding component was not enough to partially restore the urease activity. This is in good agreement with previous results from Gilbert and coworkers, who showed that the presence and absence of Hpn, a protein with 47% His residues and a very high Ni-binding capacity, had no effect on urease activity in H. pylori (11) . Therefore, the Ni-binding specificity to the UreE component of the fusion protein is the important factor for urease activation.
From these experiments, it was clear that addition of any nickel-coordinating motif (hexahistidine tag and histidine-rich sequence from K. aerogenes UreE) to the H. pylori UreE protein resulted in increased urease activity in the hypA and hypB backgrounds, suggesting a correlation between the nickel-bind- The addition of small amounts of nickel to the medium (0.5 M to 2.5 M) resulted in an increase in all urease activities with the same differences observed between the various strains (for instance, hypA, hypA/HPE, and hypA/HPE6 urease activities remained at 2%, 25%, and 50% of that of the wild-type strain, respectively). When more nickel was added to the medium (5 to 100 M), urease activity was fully restored (data not shown), as reported previously (26) .
To determine whether differences in urease activity were linked to differences in urease synthesis, an immunoblot was performed with antibodies raised against the urease structural subunit UreB. As shown in Fig. 4 , all hypA mutants had the same amount of UreB as wild-type strain 43504 regardless of the presence of additional UreE or one of its variants. The same results were seen with the hypB mutant and its derivatives (data not shown). In addition, another immunoblot experiment with antibodies against the other urease structural subunit, UreA, also showed that urease was expressed at the same level in all strains (data not shown). Therefore, the difference in urease activity described above between the strains is not related to a difference in urease expression. 
Effect of expression of UreE and histidine-rich versions of
UreE on hydrogenase activities of hypA and hypB mutants. Since mutations within hypA and hypB, encoding proteins known to be hydrogenase accessory proteins, showed a pleiotropic effect on both hydrogenase and urease activities (26) , it was of particular interest to determine whether the presence of additional UreE and its variants would have any effect on hydrogenase activity. All the variants were introduced into the hypA and hypB backgrounds and tested for hydrogenase activity, and they all showed the same, almost not detectable hydrogenase level (less than 0.01 nmol of H 2 oxidized/min/10 8 cells), suggesting that the presence of additional UreE or one of its variants did not have any effect on hydrogenase activity. In addition, hydrogenase activity assays were also performed on a ureE mutant (this strain kindly provided by David Scott, Department of Physiology, University of California at Los Angeles). These assays revealed that this mutant had the same hydrogenase level as wild-type strain 43504 (0.60 Ϯ 0.15 nmol of H 2 oxidized/min/10 8 cells). Therefore, a mutation in ureE does not have any effect on hydrogenase activity in H. pylori.
Purification of UreE and histidine-rich UreE variants. Genetically engineered UreE-His 6 , UreE-His 10 , and UreEHis 10 SF were expected to bind nickel because of the presence of all the histidines in these sequences, but the precise nickelsequestering ability of each protein was unknown. Furthermore, as the nickel-binding properties of H. pylori UreE have not been reported to date, we decided to overexpress all four proteins in E. coli, purify them, and investigate their ability to bind nickel. Plasmids pPA-HP, pPA-HP6, pPA-HP10, and pPA-HP10SF were digested to release each distinct ureE variant. Each gene was inserted into the expression vector pET21b, and the newly generated pET-HP, pET-HP6, pET-HP10, and pET-HP10SF plasmids were introduced into E. coli strain Rosetta(pLys). Following overexpression, the UreE-His6, UreE-His10, and UreE-His10SF fusion proteins localized exclusively to the soluble fraction of the cell and were purified in a single step by Ni-NTA affinity chromatography, as revealed by SDS-PAGE (Fig. 5, lanes 6, 9, and 12, respectively) . FIG. 5 . SDS-PAGE of purified UreE variants. Lanes 1, 4, 7, and 10 contain noninduced cell extracts of strain Rosetta harboring pET-HP (for expression of UreE), pET-HP6 (UreE-His 6 ), pET-HP10 (UreEHis 10 ), and pET-HP10SF (UreE-His 10 SF), respectively. Lanes 2, 5, 8, and 11 contain cell extracts after 3 h of IPTG induction of UreE, UreE-His 6 , UreE-His 10 , and UreE-His 10 SF, respectively. UreE was purified by ammonium sulfate precipitation and cation exchange chromatography (lane 3). UreE-His 6 , UreE-His 10 , and UreE-His 10 SF were purified through an Ni-NTA column (lanes 6, 9, and 12, respectively). The positions of molecular mass standards are indicated on the left.
FIG. 6. Nickel ion binding by UreE, UreE-His 6 , UreE-His 10 , and UreE-His 10 SF proteins based on equilibrium dialysis. Each purified protein (at 6 to 7 M monomer concentration) in 50 mM NaCl (pH 8.25) was equilibrated with the indicated concentrations of NiCl 2 , and the number of nickel ions bound per monomer was determined by graphite furnace atomic absorption spectrophotometry. Standard deviations were Յ10% for each set of measurements.
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Since UreE did not bind to the Ni-NTA column (data not shown), this protein was purified from the soluble fraction by ammonium sulfate precipitation followed by cation exchange chromatography (Fig. 5, lane 3) . As reported previously for other UreE proteins (16, 31) , H. pylori UreE migrated as a heavy peptide (about 23,000 Da) compared with the size (M r ϭ 19,419) predicted by DNA sequence analysis. This was also observed for each of the variants generated in this study, UreEHis 6 (M r ϭ 21,171), UreE-His 10 (M r ϭ 22,055), and UreEHis 10 SF (M r ϭ 21,599) . Nevertheless, the migration of each UreE variant compared to the others was in good agreement with their amino acid sequences, as deduced from the DNA sequence of strain 43504 (Fig. 1) .
In addition, the molecular mass of UreE was determined by gel filtration chromatography. It was shown to be 40.9 kDa, which is consistent with a protein existing as a dimer in solution. Whereas addition of Ni 2ϩ has been shown to promote tetramerization of the Bacillus pasteurii UreE protein (5), addition of nickel ions did not change the gel filtration elution pattern of H. pylori UreE (data not shown), suggesting that this protein formed only dimeric species in the presence of nickel.
Nickel-binding ability of UreE and genetically engineered histidine-rich UreE proteins. The number of Ni 2ϩ ions bound to UreE and each of the variants engineered for nickel binding was determined over a range of nickel ion concentrations, as shown in Fig. 6 . Equilibrium dialysis of UreE showed that this protein was capable of binding about 0.5 nickel ion per monomer (1 nickel ion per dimer). This is lower than that for the previously characterized K. aerogenes UreE protein, but this is not surprising, given the lack of homology between the two protein sequences. Indeed, H. pylori UreE shares only one of the residues shown to be involved in nickel binding in K. aerogenes UreE, His102 (Fig. 1) , corresponding to His96 of K. aerogenes UreE (6, 30) . In addition, study of the Bacillus pasteurii UreE crystal structure also showed the central role of the same conserved His residue in Ni binding (29) . It needs to be pointed out that two other His residues (His110 and His112 of K. aerogenes UreE) shown to be involved in metal coordination in K. aerogenes are not conserved in H. pylori UreE.
As expected, genetically modified, histidine-rich versions of H. pylori UreE had increased nickel-binding abilities compared with wild-type UreE, with about 3 nickel ions bound per monomer of UreE-His 6 and about 2.5 nickel ions bound per monomer of both Ure-His 10 and UreE-His 10 SF. These results can be compared to those of previous studies showing that K. aerogenes UreE (containing 10 His residues at the C terminus) was able to bind 5 to 6 nickel ions per dimer (6, 16) , while the same protein deleted for its carboxyl-terminal tail could still coordinate 2 nickel ions per dimer (4) and more likely 3, as suggested by crystal structure analysis of this truncated variant (30) . K d values, as determined from curves, were estimated to be 1 M for UreE, 15 M for UreE-His 6 , 13 M for UreE-His 10 , and 15 M for UreE-His 10 SF.
Interestingly, we could see a correlation between the in vitro nickel-binding ability of each UreE variant and its capacity to activate the urease in vivo in the mutants. Indeed, the maximal urease activity seen in both hypA and hypB mutants as well as in the wild type was when UreE-His 6 , the protein shown to have the highest nickel-binding ability, was expressed in the cell. Likewise, Ure-His 10 and UreE-His 10 SF were less efficient than UreE-His 6 for both nickel binding and urease activation, while expression of additional wild-type UreE had the lowest effect of all H. pylori constructs on the urease activity, in agreement with its lower nickel-sequestering capacity. Finally, even though the H. pylori UreE protein does not have high nickel-binding ability (unlike the case in other microorganisms, such as K. aerogenes and Proteus mirabilis), the stomach-colonizing bacterium has a high nickel demand and has found a complementary way of sequestering nickel, by using both the hydrogenase (HypA and HypB) and urease accessory proteins to achieve full nickel-urease maturation.
